A four-stroke cycle, 4-cylinder gasoline engine (CAMPRO engine) with and without water addition to the working substances is modelled and simulated successfully using GT SUITE software and validated through experimental investigations. GT Power, one of the servers of GT SUITE is used to simulate the CAMPRO engine. CAMPRO engine is manufactured by the Malaysian Automotive Manufacturer PROTON. The main objective of this work is to find ways to reduce NO X emission from an SI engine without much sacrificing the performance of the engine. The generation of NOx emissions is a function of the combustion temperature, highest near stoichiometric condition when the temperature is at the peak value. Overall result indicates that water addition leads to an increase of the performance of the engine and a reduction of the emission produced by the engine.
Introduction
The internal combustion engine is an engine in which the air fuel mixture mixes together and then burns in the combustion chamber. The combustion process produces the expansion of the high temperature and high pressure gasses that exert force on top of the piston, thus creating a useful work for the engine. This useful work comes from the force that produces from the pressure exerted on the top of the piston.
The term internal combustion engine usually refers to an engine in which combustion is intermittent, such as the more familiar four-stroke and two-stroke piston engines, and the Wankel rotary engine. A second class of internal combustion engines use continuous combustion: gas turbines, jet engines and most rocket engines, each of which are internal combustion engines on the same principle as previously described [1, 2, 3, 4] .
The operation of spark ignition (SI) engine causes the production of emissions viz., unburnt hydrocarbon, carbon monoxide (CO), nitrogen oxide (NOx), and carbon dioxide (CO 2 ). The increase amount of hydrocarbon and carbon monoxide is due to rich mixture which does not have enough oxygen to react with all the carbon and hydrogen. The generation of NOx emissions is a function of the combustion temperature, highest near stoichiometric condition when the temperature at the peak value [5] . The techniques of water addition itself can be explained in many ways such as: i) manifold injection or carburetion of water gasoline emulsions ii) separate induction of water and gasoline iii) direct cylinder injection of water iv) manifold water vapor induction and v) water induction into the air intake [6] .
Water addition using water injection techniques is a separate liquid or emulsion with gasoline or as a vapour, has been thoroughly researched. J.A Harrington [7] made an important contribution to this area. If calibrated engines operate with a small amount of water, knock can be suppressed, hydrocarbon emissions will be slightly higher, NO x emissions decrease, CO does not change significantly and fuel consumption is increased.
According to Goran Hellen [8] , in the four stroke turbocharged engine injecting water or steam into the combustion chamber would reduce the nitrogen oxide emissions. The water injection is carried out at least substantially during the intake stroke of the engine. The NO x emissions from gasoline engine are reduced by mixing water in the gasoline to reduce combustion temperatures. The water is dispersed in the gasoline as the gasoline is delivered to the cylinders. NOx levels are identified and validated empirically by Flynn [9] . Chaichan [10] studied NOx with different hydrocarbons.
Modelling and Simulation
Nowadays, a lot of computer simulation software are used, such as Computational Fluid Dynamics (CFD), ANSYS, MATLAB, Cosmos Flow, Fluent, STARCD, etc. One of the popular computer simulation software for automotive engine modelling is GT SUITE.
GT SUITE is comprehensive CAE software to simulate the whole vehicle system. It consists of GT POWER, GT DRIVE, GT VTRAIN, GT CRANK, GT COOL and GT FUEL [11] . It has the abilities to simulate many of the vehicle systems in one program by integrating the 6 applications to assist different type of analysis. The results of simulation are viewed through a standalone result analysis tool, GT POST. Unlike other simulations tools, the GT SUITE is provided with a powerful result handler program with many functions such as the math macro to interpolate the results in more detail.
GT Power
GT Power is one of the powerful programs (servers) in the GT SUITE. It is a simulation tool for creating a virtual multi-cylinder engine. It provides a real time engine modelling and analysis. It is also provided with numerous features such as optimization tools, modeling controls etc. GT Power can link with other programs such as GT-Drive and others to produce an accurate real time model. The result is then analyzed through GT-POST.
GT Power caters both, transient and steady state engine modeling. It has many plots that can be viewed after the simulation. There are hundreds of plots available to the operator. According to the official website of the GT SUITE, the GT Power is capable of:
1. GT Power covers mostly the engine simulation for performance and acoustics analysis, with full control capabilities, engine performance, intake and exhaust noise and 3-D CFD control. It's applicable to wide range of applications including full vehicle performance and real time engine modeling. Figure 1 shows the modeling of a multi-cylinder engine in GT Power. 
Simulation Method
Before creating a GT-Power modelling of the original engine, the first step is to dismantle the CAMPRO engine and measure each size of the engine components such as: Bore, Stroke length, Wrist Pin to Crank Offset, Compression Ratio, TDC Clearance Height and Connecting rod length. Table 1 shows the step by step processes to develop the GT-Power model.
STEP 1: Select GT-Power and empty project map and project library will be opened.
At this step, GT Power file were selected and the empty project map and project library will be opened automatically. Run the simulation by press the Run Simulation button on the GT-ISE Toolbar.
12 th Step
The last step of the simulation is the GT POST process. After completing this process, the result can be obtained by referring to the graph produced. From the library template, select those are needed item icons and drag into the project library, first we need to determine the engine air and fuel flow process in that division of the model.
STEP 4:
Need to know the division of the model. There are three divisions:-For this process, the engine model needs to divide into three divisions which are: i) intake system ii) engine cylinder and fuel injection system iii) exhaust system
STEP 5 TO STEP 9:
For the intake system of the gasoline engine, there are a few components that needed to determine such as environment, intake runner air filter, air filter, intrunner, inport and intvalve. 
STEP 11: Run the simulation by press the Run Simulation button on the GT-ISE Toolbar
Every component in this system need to fill in the attributes, then start running the model by click the Run simulation button on the GT-ISE toolbar.
STEP 12: The final step of the simulation is the GT POST process. After completing this process, the result can be obtained by referring to the graph produced.

Simulated Engine Model
The entire step by step process that has been discussed above are used to make a complete model of the engine as shown in below Figure 2 . The complete model shown is referring to the original CAMPRO engine without adding the mist of water in to it.
Simulation of GT Power Base Model with Water Addition
The GT Power base model has been validated. Figure 3 shows the base model with the water nozzle connected to the intake plenum for adding the mist of water.
Performance of Simulated Model
Comparing the results with adding water to the system, the engine performance increases for various speeds. The increase of the engine performance is mainly due to the dissociation of the water into molecule of hydrogen and oxygen that will assist to combust in the combustion chamber. Figure 4 shows that the water addition increases the torque of the engine approximately 25 to 30%. In water addition to the CAMPRO engine can be proceed, save a lot of time since the quantity of water to be added into the system has been identified. In reality, it could not be the same value of mass flow rate of water added to the system, but the result is giving the positive result that can be a guidance to proceed with the experiment.
Experimental Setup
A four-stroke, four-cylinder CAMPRO 1.6 IAFM Engine (spark ignition and fuel injection type) is coupled to a 150 kW dynamometer. Standard instrumentation was used to measure engine power, torque, injection timing, barometric pressure and pressure of oil, intake manifold, coolant inlet, exhaust, plenum and temperature of air intake, engine oil, water coolant, exhaust as well as brake specific fuel consumption and percentage of relative humidity. Engine torque was measured via part load test which connected at the dynamometer coupling shaft. The reason why the testing is through part load test is due to high vacuum pressure in intake manifold is needed to assist the water mist to flow into the combustion chamber. Firstly, the experiment is carried out to get the standard performance curve and actual parameters as an input for the input engine model simulation. After the model is generated, it has to be validated to make sure the accuracy of the model by comparing it with the result that gained from the standard engine performance testing. Once the model was validated, the final goal was to use GT-Power to explore the abilities of adding water mist to the engine system. By exploring all of the possible intake and exhaust manifold pressure, the optimum result would be chosen while trying to maximize specific quantities. The target parameters include volumetric efficiency, fuel efficiency, indicated mean effective pressure (IMEP) and others.
Experimental Procedure
The engine is connected to the calibrated engine dynamometer type Froude Hoffman which has been located at Research Centre of Proton Manufacturing Company. The maximum capacity of the engine dynamometer is 150 kW. All sensors are connected to the terminal board as an input and converted to the digital information and sent it to the computer as an output from the data acquisition card. Warm up the engine up to This test was repeated by the advance of the ignition timing with the increasing of engine speed. During the testing, the data for engine torque, brake specific fuel consumption, throttle position, exhaust temperature, plenum temperature, air intake temperature, fuel mass flow rate, barometric pressure, ignition timing etc. have been recorded.
The final results were acquired from the average of two stable and continuously measured values, which do not vary more than 2 %.
All the data recorded were being used for modelling validation and comparison with the engine testing which use without and with water mist addition. Then the performance test was repeated similarly as testing the standard engine without the water addition but this time the water addition device has been installed and the position of the tapping nozzle is just after the throttle body. Then the data were recorded similarly as the standard engine performance testing for comparison purposes. The gas analyzer is used for measuring the exhaust-gas components CO, HC, CO 2 , O 2 and NOx, which is connected to the end of exhaust tail pipe.
Results and Discussions
All the data and results of engine testing with and without water addition have been recorded to facilitate analysis. Compared to standard engine without water addition, engine with water addition at load factor of 0.3, 0.5 and 0.6 produces little bit higher power and torque at 1500 rpm to 3250 rpm. The increasing engine performance with water addition is mainly due to high volumetric efficiency of the dissociation of water converted into hydrogen and oxygen. Figure 5 shows that the engine operation with water addition produces increased torque of 10.0% to 14.0%, compared to that of standard engine (without water addition). Similar trend has been reported by Obert and Johnson [12, 13] , that with 10% injection of water during intake stroke, fuel octane rating is boosted about 2 to 4 units with simultaneous increase in the engine output by 30-50%. The variation of nitric oxide concentration at the engine exhaust with and without water addition is shown in figure 6 . The result shows that the concentration of NO with water addition is lower than without water addition to SI engine with no load operating condition. It shows that when the engine speed keeps on increasing the formation of NO is increasing. When the engine speed increases, it produces high temperature which allows the formation of NOx. Figure 6 . NO vs. engine speed
The results of CO emissions with water addition is lower than without water addition for SI engine with no load operating condition shows in figure 7 . The results show that water addition to SI engine do not have much effect on CO. This is also supported by J.A Harrington [7] , which stated that CO concentrations are not appreciably affected by water addition nor are HC concentrations at no misfiring mixture ratios but NO is significantly reduced. 
Conclusion
This paper shows the modeling of the EFI SI CAMPRO 1.6 L 4-stroke cycle engine with and without water addition. The simulation model was validated through experimental investigations. Overall result indicates that water addition leads to an increase of the performance of the engine through dissociation of water in the combustion chamber and also the cooling effect reduces the heat release from the engine itself and a reduction of the emission produced by the engine. The water addition system can be further improved by focusing on quantity of water that goes into the intake manifold or directly goes into the combustion chamber with high pressure and the fineness of water mist spray.
